1. Introduction {#sec1-polymers-12-00334}
===============

Polymers are very versatile materials with a wide range of mechanical properties and high durability; therefore, these materials are produced in large volumes. Polymers have a wide variety of applications, including every-day utensils, clothing, packaging, engineering, and healthcare \[[@B1-polymers-12-00334],[@B2-polymers-12-00334]\]. Nevertheless, because of their durability, polymers generate environmental issues leading to waste accumulations in landfills and oceans \[[@B1-polymers-12-00334]\]. There is significant concern about the environmental impacts caused during the production process and their disposal, as most of the polymers are produced from non-renewable sources. According to The United Nations Environment Programme, 13 million tons of plastic waste are annually discharged into the ocean. If the production and consumption rates of plastic materials continue at the current levels, by 2050 there will be 12 million tons of plastic into nature and landfills \[[@B3-polymers-12-00334]\]. Thus the formulation of new materials, less damaging and more environmentally friendly is of great interest, not only to reduce the use of traditional plastics, but also to replace their applications and uses \[[@B1-polymers-12-00334],[@B4-polymers-12-00334]\].

Biopolymers have been recently considered as a suitable alternative as they are obtained or produced from biomass synthesis \[[@B5-polymers-12-00334],[@B6-polymers-12-00334]\]. However, the use of biopolymers presents two main disadvantages. First, they are highly expensive as they are relatively new and the technology to produce them is more developed than those used in fossil-based polymers \[[@B7-polymers-12-00334]\]. Secondly, biopolymers have lower mechanical properties than traditional polymers \[[@B4-polymers-12-00334],[@B8-polymers-12-00334]\]. For these reasons, in general, most of the biopolymers are used as blends or fillers in the processing of traditional polymers \[[@B6-polymers-12-00334],[@B9-polymers-12-00334],[@B10-polymers-12-00334],[@B11-polymers-12-00334]\].

In this work, polycaprolactone (PCL) was studied. Polycaprolactone is a biocompatible, biodegradable, and non-toxic biopolymer \[[@B12-polymers-12-00334],[@B13-polymers-12-00334],[@B14-polymers-12-00334]\]. The thermal, physical, and mechanical properties depend on the degree of crystallinity. The degree of crystallinity varies with the molecular weight and has a maximum value of 69% in PCL \[[@B15-polymers-12-00334],[@B16-polymers-12-00334]\]. PCL is highly ductile and flexible due to its low glass transition temperature (−60 °C) \[[@B17-polymers-12-00334]\]. Additionally, PCL presents melting temperatures between 59 °C and 64 °C \[[@B18-polymers-12-00334]\]. Moreover, PCL has good compatibility, and, it is usually blended with more rigid polymers in order to increase their flexibility and resistance to cracking. Also, it facilitates the coloration of polymers given its hydrophobicity \[[@B16-polymers-12-00334],[@B19-polymers-12-00334]\]. Finally, research on the use of PCL in three-dimensional (3D)-printing has increased over the last 10 years. According to Web of Science (WOS), in 2009 only one article on this matter was published, while in 2019 more than 80 studies have been found. Consequently, 3D-printing was chosen to assess the material behaviour.

Gum rosin (GR) and Beeswax (BW) were chosen as natural additives. GR is the non-volatile component of pine resin and is mainly composed of resin acids. The structure of GR can be modified given its acidity and hydrophobicity \[[@B20-polymers-12-00334],[@B21-polymers-12-00334],[@B22-polymers-12-00334],[@B23-polymers-12-00334]\]. GR has a glassy, translucent, and bright appearance, and a yellowish coloration \[[@B24-polymers-12-00334],[@B25-polymers-12-00334]\]. Its melting temperature is around 75 °C \[[@B24-polymers-12-00334],[@B26-polymers-12-00334]\]. In addition, gum rosin exhibits thermoplastic behaviour \[[@B27-polymers-12-00334]\]. This material is fragile and rigid due to its polycyclic structure \[[@B28-polymers-12-00334]\]. Additionally, gum rosin and its derivatives present antimicrobial activity \[[@B22-polymers-12-00334]\], biodegradability, and biocompatibility \[[@B29-polymers-12-00334],[@B30-polymers-12-00334]\]. It has low cost and availability \[[@B31-polymers-12-00334]\]. Beeswax (BW) is an extremely ductile material, that is safe for human consumption, biodegradable, and biocompatible \[[@B32-polymers-12-00334]\]. It is composed of at least 300 different compounds \[[@B33-polymers-12-00334]\], that include alkanes, wax esters (mono-, di-, and hydroxylated esters), and free fatty acids \[[@B34-polymers-12-00334],[@B35-polymers-12-00334]\]. Beeswax also presents a semi-crystalline structure with melting temperatures from 61 to 67 °C \[[@B33-polymers-12-00334],[@B36-polymers-12-00334]\]. Gum rosin and beeswax are considered antagonistic materials due to their properties and behaviour. Nonetheless, Gaillard et al. (2011, 2012) conclude that, when the appropriate proportions are used, these materials can behave as complementary materials with synergistic effects \[[@B36-polymers-12-00334],[@B37-polymers-12-00334]\].

Gum rosin has been blended with different polymeric matrices and the obtained materials have maintained its functional properties, as the antimicrobial activity \[[@B38-polymers-12-00334],[@B39-polymers-12-00334]\], biocompatibility \[[@B40-polymers-12-00334],[@B41-polymers-12-00334]\], and biodegradability \[[@B30-polymers-12-00334]\]. The antimicrobial activity of BW was studied in synergy with other natural products \[[@B42-polymers-12-00334]\]. The antimicrobial activity of PCL and gum rosin blends have been demonstrated in different ratios with enzymatic degradation \[[@B38-polymers-12-00334]\]. Therefore, it is presumed that, when mixed, the resulting material will maintain the properties of all the components and enhance the antimicrobial properties. Additionally, BW has been proved to work well with synthetic polymers in drug delivery systems \[[@B32-polymers-12-00334]\]. Furthermore, GR and BW mixtures improve adhesion, toughness \[[@B36-polymers-12-00334]\], and plastic behaviour \[[@B37-polymers-12-00334]\].

In this work, different blend formulations using PCL as the matrix, and gum rosin and beeswax as natural additives, were studied in order to produce environmentally friendly materials. All the formulations were first processed by melt-extrusion. Next, the bed and nozzle temperatures for each formulation were determined through a preliminary assessment. Then, the filaments were processed in a 3D printer to obtain samples for characterization. Finally, the physical, thermal, mechanical, and microstructural properties of each material were used to determine the effect of the additives on the PCL. Due to their biocompatibility and antimicrobial properties, as reported in the literature, these materials could be potentially suitable for biomedical applications using 3D-printing techniques, such as a surgical tools, medical devices, and prosthesis.

2. Materials and Methods {#sec2-polymers-12-00334}
========================

2.1. Materials {#sec2dot1-polymers-12-00334}
--------------

Polycaprolactone (PCL) Capa^TM^ 6800, commercial grade, was used as a matrix and was kindly supplied by Perstorp UK Ltd. (Warrington, UK). It has a density of 1.15 g/cm^3^ and melt flow index (MFI) of 2--4 g/10 min (160 °C, 2.16 kg). Gum rosin and beeswax were used as natural additives. Gum rosin (GR) was kindly supplied by Luresa Resinas S.L (Segovia, Spain). This resin has a softening point of 76 °C, an acidity index of 167 and a colour value of 4+ on the Gardner scale. The beeswax (BW) was acquired through a professional beekeeper from the Depósito Municipal de Abejas de Alcoy (Alcoy, Spain). Such beeswax has a melting temperature of 63 °C.

2.2. Filament Production and Characterization {#sec2dot2-polymers-12-00334}
---------------------------------------------

The filaments for 3D-printing were formulated with 10 wt % as follows: (1) PCL with 10 wt % gum rosin, label as PCL-GR; (2) PCL with 10 wt % beeswax, label as PCL-BW; (3) PCL with 5 wt % gum rosin and 5 wt % beeswax, label as PCL-GR-BW. Additionally, neat PCL was assessed as a blank. The prepared formulations and the neat PCL were processed in a co-rotating twin-screw extruder Dupra S.L (Castalla, Spain) at 10 rpm, with a temperature profile of 40, 60, 70, and 80 °C (from hopper to die). The resulting material was milled into pellets. The pellets were processed in a filament extruder model EX2 from Filabot (Barre, PA, USA) to obtain the filament required for the 3D-printing process. The temperature used in the process was 80 °C with a 2.95 mm diameter nozzle for PCL, PCL-GR, and PCL-GR-BW; and at 90 °C with a 3.95 mm diameter nozzle for PCL-BW. The filaments were cooled down in a water bath. The diameter of the obtained filaments was constant between 2.80 and 3.00 mm.

The filaments (FS) were characterized by a mechanical tensile test according to ISO 527 standard test method. Cylindrical samples of 8 mm of length and 2.8--3.0 mm of diameter were used. The test was performed in a universal testing machine Elib 30 SAE Ibertest (Madrid, Spain). A 5 kN load cell and a crosshead rate of 50 mm/min were used in all test samples \[[@B43-polymers-12-00334],[@B44-polymers-12-00334]\]. For each material, five samples were assessed. The average and the standard deviation of the measurements were reported. The statistical analysis was performed with OriginPro 8 software from OriginLab (Northampton, MA, USA). The significant differences were assessed at 95% confidence level according to Tukey's test using a one-way analysis of variance (ANOVA).

2.3. Printability Tests and Rheology Characterization {#sec2dot3-polymers-12-00334}
-----------------------------------------------------

The 3D-printing process was performed in a 3D printer BCN3D (Barcelona, Spain), with a 0.6 mm diameter nozzle. A rectilinear filling pattern was used for both the inner layers, as well as for the lower and upper layers, with 100% of filling. 52.2 cm of filament for each sample of each formulation were required.

The bed and nozzle temperatures were defined in printing trials, in order to obtain uniform printed samples. At first, the nozzle temperature was set at 80 °C, which was the endset temperature obtained from the Differential Scanning Calorimetry (DSC) curves. A visual examination was conducted to evaluate the quality of the printed objects. In those objects that presented structural defects, the nozzle temperature was gradually increased until there were no irregularities. The bed temperature was set at 40 °C for all the samples, while the nozzle temperature varied depending on the formulation as follows: 80 °C for PCL, 110 °C for PCL-GR, 90 °C for PCL-GR-BW, and 150 °C for PCL-BW.

Additionally, a parallel-plate oscillatory rheometry test was conducted in an AR-G2 rheometer from TA Instruments (New Castle, DE, USA) to study the rheological behaviour of the samples at printing temperatures. The test was conducted at two different temperatures: 80 °C (endset DSC temperature) and printing temperature previously selected on each formulation. The angular frequency varied between 100--0.01 rad/s and the maximum shear strain (γ) was set to 1%. The evolution of storage moduli (G') as function of the angular frequency (ω) was reported. The storage modulus is linked to the ability of the material to hold its shape after the printing process \[[@B45-polymers-12-00334]\].

2.4. Characterization of Standard Samples Obtained by the 3D-Printing Process {#sec2dot4-polymers-12-00334}
-----------------------------------------------------------------------------

The filaments obtained previously were used to 3D print the standard samples according to ISO 527. The mechanical properties between the filaments (FS) and the standard test specimens (STS) were compared. The test parameters were the same used for the FS mechanical characterization.

2.5. Thermal Characterization {#sec2dot5-polymers-12-00334}
-----------------------------

Differential Scanning Calorimetry (DSC) tests were carried out in a DSC 821 calorimeter from Mettler-Toledo (Schwerzenbach, Suiza). The used sample weight between 5 and 6 mg. The thermal cycle consisted of two heatings: a first heating from −50 to 120 °C, followed by a cooling step to −50 °C, and a second heating from −50 to 250 °C. The heating and cooling rate of all cycles were 10 °C/min and the tests were done in a nitrogen atmosphere with a flow rate of 30 mL/min. The melting temperature (*T*~m~) and the crystallization temperature (*T*~c~) were determined as the peak of the second heating, and the cooling curve, respectively.

The thermogravimetric analysis was conducted in a TGA PT1000 from Linseis (Selb, Germany), using a sample between 15 and 20 mg. The heating was carried out at a rate of 10 °C/min from 30 to 700 °C in a nitrogen atmosphere with a flow rate of 30 mL/min. The onset degradation temperature (*T*~5%~) was determined from the TGA curve at the temperature to which the material loses 5% of its initial mass. As well, the endset degradation temperature (*T*~90%~), in which the material loses 90% of its initial mass, was reported~.~ Additionally, the maximum degradation rate temperature (*T*~max~) was determined at the peak of the first derivative of the TGA curve (DTG).

The Heat Deflection Temperature (HDT) was determined on a VICAT/HDT DEFLEX 687-A2, Metrotec SA (San Sebastián, Spain). The HDT was assessed according to the ISO 75 standard, following the A method, using a force of 3.2 N and a bath heating speed of 120 K/h. The dimensions of the STS samples were: 80 ± 2.0 × 10 ± 0.2 mm^2^ and 4 ± 0.2 mm thickness \[[@B46-polymers-12-00334],[@B47-polymers-12-00334]\]. Five samples of each material were tested; the average and standard deviation of the measurements were reported. The statistical differences in the thermal properties were assessed by the one-way analysis of variance (ANOVA), at 95% confidence, as mentioned above.

2.6. Mechanical Characterization {#sec2dot6-polymers-12-00334}
--------------------------------

The tensile characterization of the standard test specimens was performed under the same conditions used for the filament characterization (FS). Additionally, the flexural properties of the STS were determined according to the ISO 178 standard, using a 5 kN load cell and at a crosshead rate of 50 mm/min \[[@B43-polymers-12-00334],[@B44-polymers-12-00334],[@B48-polymers-12-00334]\]. Five samples were tested for each formulation; the average and the standard deviation were reported.

Shore D hardness of the STS samples was determined using a durometer, model 673-D, S.A, Instruments J. (Barcelona, Spain), according to the ISO 868 standard. The measurements were taken in 20 different positions on each sample, having at least 6.0 mm separation among each measurement \[[@B49-polymers-12-00334]\]. The average and the standard deviation were reported. All the obtained results were statistically analyzed in the same conditions, as previously reported.

2.7. Dynamic Mechanical Thermal Analysis {#sec2dot7-polymers-12-00334}
----------------------------------------

Dynamic Mechanical thermal analysis (DMTA) was carried out in DMA1 Mettler-Toledo (Schwerzenbach, Switzerland). The dimensions of the used samples were: 20 ± 2.0 × 4.5 ± 0.2 mm^2^ and 1 ± 0.2 mm of thickness. A single cantilever mode was used in the DMTA with a maximum deformation of 10 μm. The samples were exposed to a temperature sweep from −100 up to 40 °C with a frequency of 1 Hz, and the heating rate was set to 2 °C/min.

2.8. Fourier-Transform Infrared Spectroscopy---Attenuated Reflectance {#sec2dot8-polymers-12-00334}
---------------------------------------------------------------------

The microstructure of the samples was assessed by a Fourier-Transform Infrared Spectroscopy analysis (FTIR), which was performed in an Spectrum BX FTIR equipment from Perkin-Elmer (Beaconsfield, UK) coupled with an ATR MlRacle ™ Pike Technologies (Madison, WI, USA). Every sample was examined in mid-infrared from 4000 to 600 cm^−1^, using 20 scans and 16 cm^−1^ of resolution.

2.9. Microstructural Characterization {#sec2dot9-polymers-12-00334}
-------------------------------------

Scanning electron microscopy (SEM) from the cryofractured surface of each sample was performed on a Phenon SEM equipment of FEI (Eindhoven, The Netherlands), with a voltage of 5 kV. Previously, the samples were coated with a gold-palladium alloy layer in a Sputter Mod Coater Emitech SC7620, Quorum Technologies (East Sussex, UK) to make the sample surface conductive.

2.10. Surface Characterization {#sec2dot10-polymers-12-00334}
------------------------------

Wettability was assessed by measuring the static contact angle of a droplet of distilled water on the surface of the samples. The contact angle measurements were determined using an optical goniometer EasyDrop-FM140 from Kruss Equipments (Hamburg, Germany) at room temperature. Additionally, the surface colour of each formulation was determined using a Colorflex-Diff2 458/08 colorimeter from HunterLab (Reston, VA, USA), under the CIE L\*a\*b\* colour space. The L\*, a\*, and b\* coordinates were reported. L\* represents the brightness, and the parameters a\* and b\* show the intensity of the opposing colours green-red and blue-yellow, respectively \[[@B50-polymers-12-00334],[@B51-polymers-12-00334]\]. Furthermore, the yellowing index (YI) and the total colour difference ($\left. \mathsf{\Delta}E \right)$ were reported. The $\mathsf{\Delta}E$ is a numerical comparison of a sample's colour to the standard (neat PCL) and was calculated using Equation (1) \[[@B9-polymers-12-00334],[@B50-polymers-12-00334]\]:$${\mathsf{\Delta}E~ = ~}\sqrt{\mathsf{\Delta}a^{\ast}{}^{2} + \mathsf{\Delta}b^{\ast}{}^{2} + \mathsf{\Delta}L^{\ast}{}^{2}}.$$

For wettability and colour characterization, 10 measurements on each sample were performed; the average and standard deviation were reported. While, the surface characterization data was statistically analyzed using the same parameters previously described.

3. Results and Discussion {#sec3-polymers-12-00334}
=========================

3.1. Filament Production and Characterization, Printability Tests and Rheology Characterization {#sec3dot1-polymers-12-00334}
-----------------------------------------------------------------------------------------------

The values of the tensile strength for all the formulations showed significant differences (*p* \< 0.05). GR, as well as BW, caused a decrease in the PCL mechanical strength. In the PCL-GR formulation, the average value of the tensile strength decreases by 28% with respect to the neat PCL. The PCL-BW decreased by 46.17%. However, in the PCL-GR-BW this value decreases only by 15%, since a synergistic effect of both additives in the mechanical strength was observed, due to their complementary characteristics \[[@B36-polymers-12-00334]\]. Therefore, the extrusion of PCL-GR-BW results in a simpler process than PCL-GR and PCL-BW. The tensile strength values are important for 3D-printing processes, as they are related to the ease of traction of the material. [Table 1](#polymers-12-00334-t001){ref-type="table"} shows the 3D-printing parameters and the tensile properties of the obtained filament (FS) from PCL, and its formulations with GR and BW. Pictures of FS and STS are shown in [Table 1](#polymers-12-00334-t001){ref-type="table"}.

Young's modulus of the neat PCL was not statistically different from that of the PCL-GR. Meanwhile, the modulus decreased for the PCL-GR-BW and PCL-BW. The elongation at break compared to the neat PCL increased 63.27% in the PCL-GR, 21.12% in the PCL-GR-BW, and 31.71% in the PCL-BW. These results show that the addition of GR to the PCL not only gives plasticization to the structure but also increased in the toughness of the material. In relation to PCL-GR-BW and PCL-BW formulations, the material turns more ductile due to the plasticization effect \[[@B35-polymers-12-00334],[@B52-polymers-12-00334]\].

All the studied materials used a bed temperature of 40 °C, meanwhile, the nozzle temperatures were different for all the formulations, being neat PCL the one with the lower values. These differences aim to achieve and adequate printability. [Figure 1](#polymers-12-00334-f001){ref-type="fig"} shows the STS surface obtained after the printing tests for the studied materials at a nozzle temperature of 80 °C. For the neat PCL sample ([Figure 1](#polymers-12-00334-f001){ref-type="fig"}a), an object with a complete infill level and a homogeneous and smooth surface was obtained. In contrast, the printed samples from the other formulations ([Figure 1](#polymers-12-00334-f001){ref-type="fig"}b--d) were deformed, sagged, and show low infill levels. The neat PCL sample was easily extruded out from the nozzle at 80 °C. The defects in the other formulation were attributed to a broken extrusion thread, so that the extruded parts did not attain proper mechanical strength to support the following deposited layers, resulting in the collapse of the structures \[[@B53-polymers-12-00334]\]. However, when the nozzle temperature of each formulation was increased, the resulting samples show high infill levels, good resolution and a homogeneous structure, as can be seen in the STS pictures in [Table 1](#polymers-12-00334-t001){ref-type="table"}.

As stated by Huang et al. (2018), in an extrusion-based 3D-printing, the storage modulus (G') is related to the rheology of the material and it shows the material stiffness and ability to hold its shape after the 3D-printing process \[[@B45-polymers-12-00334]\]. [Figure 2](#polymers-12-00334-f002){ref-type="fig"} shows the storage modulus (G') as function of the angular frequency (ω). G' in PCL increases linearly with the frequency at 80 °C ([Figure 2](#polymers-12-00334-f002){ref-type="fig"}a). Meanwhile, when testing the materials that contain GR or BW, at 80 °C, G' tend to decrease with the increment of the frequency ([Figure 2](#polymers-12-00334-f002){ref-type="fig"}b,d). This behaviour indicates that at 80 °C the PCL-BW and the PCL-GR formulations have lower resistance to the elastic deformation than neat PCL \[[@B54-polymers-12-00334]\]. Therefore, in GR and BW formulations the extruded 3D-printed objects will not withstand the printed shape \[[@B55-polymers-12-00334]\], as seen before in the printing tests results of [Figure 1](#polymers-12-00334-f001){ref-type="fig"}. However, when testing the same formulation at printing temperatures of 110 °C for PCL-GR and 150 °C for PCL-BW, G' increases and turns directly dependent upon ω. Thus, an increment in the nozzle temperature helps to obtain a fused and cohesive material with better mechanical strength \[[@B54-polymers-12-00334]\]. Consequently, 110 °C for PCL-GR and 150 °C for PCL-BW were chosen as the printing temperatures.

[Figure 2](#polymers-12-00334-f002){ref-type="fig"}c shows the PCL-GR-BW rheology assessment. As seen, at 80 °C, G' increases with ω. This evidences the synergic effect between GR and BW when used together. GR provides rigidity, meanwhile, BW softness and ductility. Because some printing problems were detected at 80 °C, an increment of 10 °C in the nozzle temperature was considered. This increment turned the material more ductile (G' trend decreases) with better printability behaviour.

3.2. Thermal Characterization {#sec3dot2-polymers-12-00334}
-----------------------------

The matrix and the GR and BW additives have similar melting temperatures. Therefore, the DSC assessment will not show differences with the addition of additives. The melting temperatures (*T*~m~) between the formulations and neat PCL does not show statistical differences (*p* \> 0.05), with an average value of 57.4 ± 0.6 °C. Moreover, the HDT values of both PCL-GR and PCL-BW do not have any statistical difference compared to PCL. On the contrary, the PCL-GR-BW formulation presents a significant decrease in the HDT value, probably due to the interaction of GR and BW. A similar HDT behaviour was attested by Aldas et al. (2019) when GR was used as an additive in a Mater-Bi^®^ bioplastic \[[@B56-polymers-12-00334]\]. The DSC, HDT, and TGA assessment for the neat PCL and the studied formulations with GR and BW are summarized in [Table 2](#polymers-12-00334-t002){ref-type="table"}.

In [Figure 3](#polymers-12-00334-f003){ref-type="fig"} the DSC heating and cooling curves are presented. The cooling curves show a significant decrease (*p* \< 0.05) in the crystallization temperatures (*T*~c~), up to 7 °C, between the formulations and the PCL matrix. The natural additives increased the free volume on the PCL and, in consequence, the polymeric chains gained mobility. Hence, lower temperatures to recrystallize the PCL were needed when using those additives. All of the above implies a plasticizing effect of the additives \[[@B38-polymers-12-00334]\].

[Figure 4](#polymers-12-00334-f004){ref-type="fig"} shows the TGA and DTG curves of neat PCL and the studied formulations. The TGA curves show that all the materials have three steps in thermal degradation. The first one is distinguished by a horizontal curve that indicates a constant mass of the sample. In the second step, starting from 300 °C, an abrupt change in the mass loss and an increment in the degradation rate was observed. Finally, at temperatures over 450 °C, small weight fluctuations with a tendency to become constant were detected \[[@B57-polymers-12-00334]\].

With regard to the onset degradation temperature (*T*~5%~), significant differences (*p* \< 0.05) were detected among the values for all the studied materials. The addition of GR decreased *T*~5%~ by 15 °C with respect to the PCL matrix. Such behaviour is in good accordance with the literature when using GR as an additive for biodegradable polymers \[[@B56-polymers-12-00334]\]. *T*~5%~ decreased by 27 °C in PCL-BW, while on PCL-GR-BW only decreased 9 °C compared to the PCL. The decrement of the *T*~5%~ with respect to the matrix is mainly due to the low thermal stability of the natural additives \[[@B11-polymers-12-00334]\]. No significant differences (*p* \> 0.05) were found between the *T*~max~ values (expanded area in [Figure 4](#polymers-12-00334-f004){ref-type="fig"}) in the second step of the decomposition. The most noticeable difference in thermal stability was found in the third step of degradation. *T*~90%~ increased by 100 °C when only GR was added to the matrix (PCL-GR). In contrast, the addition of BW to the matrix (PCL-BW) caused a decrease of 120 °C, compared to neat PCL. Meanwhile, the addition of GR-BW does not show significant differences (*p* \> 0.05) on *T*~90%~ compared to the matrix. The increase of thermal stability reached by PCL-GR contradicts the results obtained by Chang et al. (2018), who studied different blends of PCL with GR. In that study, the addition of GR reduces the PCL thermal stability from 450 to 420 °C. This difference could be attributed to the methodology used to obtain the formulations. In the present study, an extrusion process was employed, while Chang et al. prepared the blends by melt mixing \[[@B38-polymers-12-00334]\]. BW, on the other hand, reduced thermal stability due to the inherent thermal characteristics of this natural additive. In PCL-GR-BW both effects were balanced. Furthermore, it was possible to verify the miscibility between the additives and the PCL matrix with the TGA assessment, since no additional inflections were detected in the curves \[[@B57-polymers-12-00334],[@B58-polymers-12-00334]\].

3.3. Mechanical Characterization {#sec3dot3-polymers-12-00334}
--------------------------------

The tensile, flexural, and hardness properties of the STS are reported in [Table 3](#polymers-12-00334-t003){ref-type="table"}. It was found that Young's modulus decreased in all the studied formulations when compared with the neat PCL. These results show that PCL becomes more ductile with the incorporation of natural additives. This behaviour is in accordance with the thermal characterization data, which showed that BW and GR have a plasticization effect on the PCL structure \[[@B11-polymers-12-00334]\]. Consequently, GR and BW reduce the interactions of the PCL molecules and allow a free movement of the chains causing a reduction in Young's moduli values \[[@B59-polymers-12-00334]\]. The statistical analysis showed significant differences between the PCL and the formulations moduli (*p* \< 0.05). Nevertheless, Young's moduli of PCL-GR and PCL-GR-BW have not significant differences (*p* \> 0.05). As PCL-BW exhibits the lower Young's modulus value among the tested materials, it can be considered that BW provides higher ductility than GR.

Significant differences (*p* \< 0.05) were found in the elongation at break values ([Table 3](#polymers-12-00334-t003){ref-type="table"}), between PCL, PCL-GR, and PCL-BW. The elongation at break value of neat PCL increases 30% with the addition of GR, while the addition of BW decreases it in 50%. Whereas, PCL-GR-BW does not show significant changes (*p* \> 0.05). The relation between Young's Modulus along with the elongation at break indicates that GR acts as a plasticizer in the PCL structure. As stated by Narayanan et al. (2017), this additive improves the ductility, as well as the elongation at the break of the material \[[@B11-polymers-12-00334],[@B56-polymers-12-00334]\]. In contrast, the addition of BW, not only provides more ductility to PCL, but also reduced its elasticity, causing a fall in the toughness of the material \[[@B35-polymers-12-00334],[@B52-polymers-12-00334]\]. The addition of GR, BW, and GR-BW produced a significant decrease (*p* \< 0.05) in the tensile strength of neat PCL, due to the increase in the ductility of the PCL structure \[[@B60-polymers-12-00334]\].

The decrease in the flexural and hardness properties of the formulations ([Table 3](#polymers-12-00334-t003){ref-type="table"}) confirms the plasticizing effect produced by the natural additives in the PCL structure \[[@B52-polymers-12-00334]\]. PCL-GR and PCL-GR-BW do not present significant differences (*p* \> 0.05) in flexural properties. The flexural modulus in both materials decreases by 48%, while the maximum flexural resistance decreases by 13%, compared to the neat PCL. The PCL-BW flexural modulus is the lowest one, which confirms that BW reduced the mechanical properties because of its softness. The PCL-BW maximum resistance is statistically equal to the PCL-GR. This indicates that the rigidity of GR and the ductility of BW produced a similar effect in the flexural resistance of the formulations. PCL-GR and PCL-GR-BW hardness present no significant differences (*p* \> 0.05). In both materials, the hardness is 12% lower than PCL hardness. PCL-BW hardness presents significant differences (*p* \< 0.05) with a decrease in 23% compared to the matrix.

The mechanical properties confirm that GR helps to prevent the loss of the properties of the matrix. PCL-GR-BW values are statistically equal to those of PCL-GR \[[@B61-polymers-12-00334]\]. As stated by Chang et al. (2018), when 10% of GR is added to a PCL matrix, this additive acts as a nucleating agent. As a result, the material becomes more rigid and its mechanical characteristics are unaffected \[[@B38-polymers-12-00334]\]. On the other hand, the addition of BW provided a major ductility and reduced mechanical properties.

A comparison among the mechanical tensile properties of STS and FS is presented in [Figure 5](#polymers-12-00334-f005){ref-type="fig"}. The tensile strength values ([Figure 5](#polymers-12-00334-f005){ref-type="fig"}a) in all the formulation decrease respect to neat PCL, both in FS and STS. In FS the values of PCL-GR and PCL-GR-BW are statistically equal (*p* \> 0.05). Meanwhile, in the STS, PCL-GR-BW tensile strength is statistically higher than PCL-GR. The differences between FS and STS tensile strength could be attributed to several factors, including the chain orientation given to the material during the extruding process, the geometry of the samples, and the additional thermal process that the STS were subject to \[[@B62-polymers-12-00334]\]. PCL-GR-BW presents the highest tensile strength value among all the formulations, both in FS and STS. This shows that the interaction between GR and BW helps the material not lose its mechanical tensile properties. In this context, BW improves the toughness of the material, while the rigidity of GR helps to maintain its mechanical properties \[[@B21-polymers-12-00334],[@B36-polymers-12-00334],[@B37-polymers-12-00334]\].

Additionally, Young's moduli of all the formulated materials decreased, compared to the matrix ([Figure 5](#polymers-12-00334-f005){ref-type="fig"}b). The greatest decrease was determined in PCL-GR-BW in the filament shape (FS). This reduction could be attributed to the effect of the GR-BW mixture that provided more ductility to the material. This confirms that the additives cause a reduction in PCL strength, and consequently, an increase in the ductility of the material. Moreover, the formulations in Young's moduli were statistically equal (*p* \> 0.05).

The elongation at break of all the studied materials is presented in [Figure 5](#polymers-12-00334-f005){ref-type="fig"}c. It can be observed FS values were higher than the values achieved for the STS. This difference is attributed to the process used to obtain the samples. While the FS was obtained from a direct extrusion of the material, the STS was obtained after a 3D-printing process. According to Eshraghi and Das (2010), the mechanic characteristics of PCL depend on the orientation that the chains adopt during the processing of the material. Therefore, an increase in the elongation at break is obtained when the polymer chains acquire a longitudinal position, as the case of the filaments (FS) \[[@B62-polymers-12-00334]\]. Furthermore, in the FS samples, the addition of the natural additives contributes to enhance the elongation at break values, compared to the neat PCL. Therefore, the plasticization of PCL due to the addition of GR, BW, or GR-BW is confirmed in the case of the filaments. The plasticization shows a decrease in the tensile strength and an increase in the elongation at break of the material. \[[@B60-polymers-12-00334]\]. In the STS values, the addition of GR increases the elongation at break of the PCL-GR, while PCL-GR-BW did not show significant differences in this property. Nevertheless, the addition of BW in the STS decreases the elongation at break, which could indicate a poor interaction between BW and PCL after the 3D-printing process.

3.4. Dinamic Mechanical Thermal Analysis {#sec3dot4-polymers-12-00334}
----------------------------------------

The evolution of the storage modulus (G') and the loss factor (tan δ) against the temperature is plotted in [Figure 6](#polymers-12-00334-f006){ref-type="fig"}. In the formulated materials, it is observed an increment of G' for temperatures below 0 °C, due to the the presence of the additives. For temperatures above 0 °C, the G' of the formulated materials (PCL-GR, PCL-GR-BW and PCL-BW) tends to the modulus of PCL. The rigidization of the structures in low temperatures could be attributed to the freezing and crystallization of the GR and BW large compounds. GR is composed mainly of hydrophenanthrene rings and BW is composed of lipids. Therefore, when cooled, they could act as reinforcements or fillers \[[@B1-polymers-12-00334],[@B2-polymers-12-00334]\]. Thus, a reduction in temperature restricts the movement of the PCL chains, producing higher values of G' when GR or BW are added.

In the loss factor curves ([Figure 6](#polymers-12-00334-f006){ref-type="fig"}b), it is possible to determine the glass transition temperature (*T*~g~) of PCL at −50.0 °C. After the addition of the natural additives, a shift of this peak to higher temperatures is detected. The corresponding *T*~g~ are located at −44.5, −37.3 and −30 °C, for PCL-BW, PCL-GR-BW, and PCL-GR, respectively. Once again, this behaviour shows a rigidization of the structure due to the additives. Importantly, for temperatures above 0 °C, the additives act as plasticizers, thereby, reducing the Young's modulus and increasing the elongation at break in the formulations, as discussed in the mechanical characterization. The presence of a sole peak in the loss factor curves comfirms a thermodynamic compatibility between PCL and the additives. This behaviour is in good agreement with the results obtained from DSC and TGA analyses \[[@B3-polymers-12-00334],[@B4-polymers-12-00334],[@B5-polymers-12-00334]\].

3.5. Fourier Transform Infrared Spectrometry Assessment {#sec3dot5-polymers-12-00334}
-------------------------------------------------------

[Figure 7](#polymers-12-00334-f007){ref-type="fig"} shows the FTIR spectra of the studied formulations and the neat PCL. On the PCL spectrum, the characteristic band, corresponding to the vibrations and extensions of the C--H groups, can be observed at 2940 and 2860 cm^−1^. Further, the bands corresponding to the C=O and C--O--C groups were found at 1720 and 1160 cm^−1^. In addition, the representative bands of the methylene group (--CH~2~) were located at 1470 and 1358 cm^−1^ \[[@B38-polymers-12-00334]\].

The literature refers that the characteristic bands of the acid dimers, the C=O stretching and C--O--C linkages of the carboxylic acids, fatty acids, phospholipids, and triacylglycerols of GR can be found at 1698 and 2910 cm^−1^ \[[@B38-polymers-12-00334],[@B57-polymers-12-00334],[@B63-polymers-12-00334],[@B64-polymers-12-00334]\]. However, in the PCL-GR spectrum, overlap was detected between these bands and the ones in the matrix. This overlapping effect was also detected in the PCL-GR-BW.

The literature mentions that the representative band corresponding to methylene (--CH~2~--) and methyl (--CH~3~) groups should be found at 2916 and 2848 cm^−1^, and those corresponding to the vibrations of the mentioned groups at 1743 and 1170 cm^−1^ \[[@B65-polymers-12-00334]\]. Nevertheless, in the PCL-BW spectrum, only small bands at 1743 and 1170 cm^−1^ were detected, possibly due to the low interaction between the matrix and the additive. Further, it is important to notice that the additives were added to the PCL in a 10 wt % concentration. Therefore, their characteristic bands are less intense than those of the matrix.

Finally, a reduction of the band area located at 1720 cm^−1^ was identified when GR was added to the matrix (expanded area [Figure 7](#polymers-12-00334-f007){ref-type="fig"}). This band corresponds to the C=O and C--O--C groups, and the area reduction implies that the addition of GR or GR-BW produced an interaction among the functional groups of the involved materials \[[@B38-polymers-12-00334]\]. Nonetheless, in the PCL-BW, this characteristic band was not detected, since the BW does not interact with the PCL matrix. The absence of interaction is related to the poor mechanical properties of PCL-BW, as already discussed.

3.6. Microstructural Characterization {#sec3dot6-polymers-12-00334}
-------------------------------------

The scanning electron microscopy (SEM) images of the cryofractured surface are shown in [Figure 8](#polymers-12-00334-f008){ref-type="fig"}. As may be seen, comparing PCL ([Figure 8](#polymers-12-00334-f008){ref-type="fig"}a) and PCL-GR ([Figure 8](#polymers-12-00334-f008){ref-type="fig"}b), the addition of GR did not cause any significant change in the morphology of the polymer surface. Hence, the surface in PCL and PCL-GR were homogeneous and smooth with no visible phase separation. This homogeneous morphology is due to the affinity of GR with the PCL which enhances the compatibility of the materials \[[@B66-polymers-12-00334]\]. Accordingly, the homogeneous distribution of GR in the matrix increased the miscibility of both components \[[@B56-polymers-12-00334],[@B67-polymers-12-00334]\]. These SEM images agree with the results of Chang et al. (2018), who made different formulations of PCL with pine resin, and determined that the morphology of the formulations was similar to that of neat PCL \[[@B38-polymers-12-00334]\].

On the other side, the materials formulated with BW exhibited two visible phases in the fracture surface ([Figure 8](#polymers-12-00334-f008){ref-type="fig"}c,d), being the disperse phase the one corresponding to the BW. Irregular structures were embedded in the matrix phase and were found in greater proportion in the PCL-BW, which has a higher content of the additive. According to Fabra et al. (2019), the presence of lipids leads to structures with irregular topographies \[[@B68-polymers-12-00334]\].

Notably, the BW structures in the PCL-BW reach 4 µm, while the PCL-GR-BW reaches 2 µm. The reduction of the BW structures size shows that GR helps to disperse BW in the matrix. Finally, a bad phase cohesion was observed in both formulations. The bad phase cohesion can be seen as holes and discontinuities in the surface of the materials (red arrows). This effect is related to low miscibility among the components of the formulations \[[@B69-polymers-12-00334]\], and it is less noticeable in the PCL-GR-BW, where BW structures are more dispersed. Therefore, the mechanical properties of PCL-GR-BW were higher than those of PCL-BW, as discussed before.

3.7. Surface Characterizzation {#sec3dot7-polymers-12-00334}
------------------------------

The contact angle and CIEL\*a\*b\* space values are shown in [Table 4](#polymers-12-00334-t004){ref-type="table"}. The contact angle values were higher than 65°, therefore, all the studied materials present a hydrophobic behaviour \[[@B70-polymers-12-00334]\]. The detected hydrophobicity is related to both PCL and the additives hydrophobic nature \[[@B19-polymers-12-00334],[@B38-polymers-12-00334],[@B42-polymers-12-00334]\]. The wettability statistical analyses ([Table 4](#polymers-12-00334-t004){ref-type="table"}) showed significant differences between all the formulations (*p* \< 0.05). Moreover, the addition of GR, GR-BW, or BW increases the hydrophobicity of PCL in 6%, 26%, and 30%, respectively. According to Hambleton et al. (2009), this increment is due to the additives reducing the interactions between the polymer chains and increase its mobility. Hence, the additives on excess were brought to the surface and result in a hydrophobic behaviour \[[@B71-polymers-12-00334],[@B72-polymers-12-00334]\].

The colour values of the samples ([Table 4](#polymers-12-00334-t004){ref-type="table"}) present significant differences (*p* \< 0.05) in the a\* and b\* parameters of all the studied materials. The a\* coordinate values fluctuate around 0, which shows that neither the green nor the red colours are dominant in the materials. Additionally, the positive values of b\* coordinate confirm yellow coloration in the formulations, with respect to neat PCL. The PCL-BW is the formulation with the highest yellow coloration (b\* = 20.9). These results show that the natural colour of the additives directly influences the final coloration of the materials \[[@B51-polymers-12-00334]\]. The L\* between the neat PCL and PCL-GR-BW are statistically equal with an average value of 77.8 ± 0.8. The L\* PCL-GR and PCL-BW with an average value of 96.4 ± 1.3 are also statistically equal (*p* \> 0.05). This means that all the studied materials have a bright hue \[[@B50-polymers-12-00334]\].

Moreover, the yellowness index values (YI) and the total difference of colour (ΔE) of the studied samples are shown in [Figure 9](#polymers-12-00334-f009){ref-type="fig"}. The YI increased in those materials in which BW was added because of the intrinsic yellow coloration of the additive. All the ΔE values show a difference of more than two units. Therefore, the change in colour is appreciable to the human eye \[[@B71-polymers-12-00334]\]. Significant differences (*p* \< 0.05) among all the studied samples were determined.

4. Conclusions {#sec4-polymers-12-00334}
==============

The filaments for 3D-printing were successfully produced using a polycaprolactone as a matrix, and gum rosin and beeswax as natural additives. The parameters for the 3D-printing process were defined, resulting in a bed temperature of 40 °C for all the formulations, whereas the nozzle temperature varied between 90 °C and 150 °C, depending on the easiness of traction of the materials in the printer. The DSC assessment showed that all the natural additives acted as plasticizers, resulting in lower crystallization temperatures. Additionally, the thermal characterization by the TGA analysis helped to determine good miscibility between GR and BW with the PCL matrix. Moreover, it was concluded that GR helps to improve PCL thermal stability. On the other hand, BW decreased it, while the mixture GR-BW did not significantly change the thermal stability of the matrix. The mechanical characterization in the filaments showed that GR plasticize the PCL structure since its elongation at break is enhanced by 63%. The materials modified with BW and GR-BW exhibit low elongation at break (31% and 21%, respectively) but high ductility as the tensile strength decreased. The SEM characterization showed that when using GR as an additive, the material is composed of one phase; when using BW, the material exhibits two phases, resulting in low miscibility of the components and low mechanical properties. Colour measurements showed that the intrinsic colouration of natural additives has a significant effect on the colour of the final materials. With respect to wettability, the addition of GR and BW increased the hydrophobic behaviour of neat PCL. Finally, it was concluded that the PCL-GR-BW formulation is the most suitable material for a 3D-printing process as it behaves better in the traction mechanism of the printer. Further, it exhibits the thermal and mechanical properties closer to neat PCL.
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![Standard test specimens (STS)surface obtained in the printing test at 80 °C for (**a**) PCL, (**b**) PCL-GR, (**c**) PCL-GR-BW and (**d**) PCL-BW.](polymers-12-00334-g001){#polymers-12-00334-f001}

![Storage modulus (G') versus angular frequency (ω) for (**a**) PCL, (**b**) PCL-GR, (**c**) PCL-GR-BW and (**d**) PCL-BW.](polymers-12-00334-g002){#polymers-12-00334-f002}

![(**a**) DSC second heating curve and (**b**) DSC cooling curve of neat PCL and the formulations with GR and BW.](polymers-12-00334-g003){#polymers-12-00334-f003}

![(**a**) TGA curves and (**b**) DTG curves with an expanded area for temperatures between 395 °C and 430 °C for the neat PCL and the formulations with GR and BW.](polymers-12-00334-g004){#polymers-12-00334-f004}

![Comparison of (**a**) tensile strength, (**b**) Young's Modulus, and (**c**) elongation at Break of STS (standard test specimen) and FS (filament samples) of neat PCL and the formulations with GR and BW filaments. ^a--g^ Different letters within the same property show statistically significant differences between formulations (*p* \< 0.05).](polymers-12-00334-g005){#polymers-12-00334-f005}

![(**a**) storage modulus and (**b**) loss factor from DMTA analysis for PCL and its formulations with GR and BW.](polymers-12-00334-g006){#polymers-12-00334-f006}

![Fourier-transform infrared spectroscopy (FTIR) spectra of neat PCL and the formulations with GR and BW with an expanded area for ranges between 2100 and 1300 cm^−1^.](polymers-12-00334-g007){#polymers-12-00334-f007}

![Scanning electron microscopy (SEM) images of (**a**) PCL, (**b**) PCL-GR, (**c**) PCL-GR-BW, and (**d**) PCL-BW, red arrows show holes and discontinuities in the material surface.](polymers-12-00334-g008){#polymers-12-00334-f008}

![Total colour differences (ΔE) as well as changes in yellowness index (YI). ^a--h^ Different letters show statistically significant differences between formulations (*p* \< 0.05).](polymers-12-00334-g009){#polymers-12-00334-f009}

polymers-12-00334-t001_Table 1

###### 

Three-dimensional (3D)-printing parameters and tensile mechanical properties of filaments of neat polycaprolactone (PCL) and the formulations with gum rosin (GR) and beeswax (BW).

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Material                       PCL                               PCL-GR                            PCL-GR-BW                         PCL-BW
  ------------------------------ --------------------------------- --------------------------------- --------------------------------- ---------------------------------
  **Bed Temperature (°C)**       40                                40                                40                                40

  **Nozzle Temperature (°C)**    80                                110                               90                                150

  **Filament**                   ![](polymers-12-00334-i001.jpg)   ![](polymers-12-00334-i002.jpg)   ![](polymers-12-00334-i003.jpg)   ![](polymers-12-00334-i004.jpg)

  **Standard Test Specimens**\   ![](polymers-12-00334-i005.jpg)   ![](polymers-12-00334-i006.jpg)   ![](polymers-12-00334-i007.jpg)   ![](polymers-12-00334-i008.jpg)
  **(STS)**                                                                                                                            

  **Young's Modulus (MPa)**      184.76 ± 5.70 ^a^                 145.95 ± 27.23 ^a,b^              112.05 ± 6.87 ^b^                 125.48 ± 20.45 ^b^

  **Elongation at Break (%)**    558.72 ± 10.54 ^a^                912.27 ± 17.42 ^b^                676.76 ± 18.48 ^c^                735.91 ± 26.13 ^d^

  **Tensile Strength (MPa)**     13.73 ± 0.80 ^a^                  9.82 ± 0.77 ^b^                   11.7 ± 0.57 ^c^                   7.39 ± 1.02 ^d^
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a--d^ Different letters within the same property show statistically significant differences between formulations (*p* \< 0.05).

polymers-12-00334-t002_Table 2

###### 

Thermal properties of neat PCL and its formulations with GR and BW.

  Material    DSC              HDT              TGA                                                  
  ----------- ---------------- ---------------- ---------------- ----------------- ----------------- -------------------
  PCL         58.2 ± 0.5 ^a^   33.3 ± 1.3 ^a^   43.6 ± 1.7 ^a^   369.8 ± 1.9 ^a^   588.0 ± 1.5 ^a^   413.0 ± 1.0 ^a,b^
  PCL-GR      57.1 ± 0.4 ^a^   26.3 ± 1.4 ^b^   42.1 ± 1.3 ^a^   354.9 ± 2.1 ^b^   684.9 ± 0.3 ^b^   411.0 ± 1.4 ^a,b^
  PCL-GR-BW   56.8 ± 0.6 ^a^   28.0 ± 0.8 ^b^   38.8 ± 0.9 ^b^   360.4 ± 0.8 ^c^   587.6 ± 0.7 ^a^   414.0 ± 1.3 ^b^
  PCL-BW      57.4 ± 0.8 ^a^   26.7 ± 1.6 ^b^   41.5 ± 1.0 ^a^   342.7 ± 1.1 ^d^   463.9 ± 1.2 ^c^   410.0 ± 1.3 ^a^

^a--d^ Different letters within the same property show statistically significant differences between formulations (*p* \< 0.05).

polymers-12-00334-t003_Table 3

###### 

Tensile, flexural and hardness properties of neat PCL and the formulations with GR and BW.

  Material    Tensile Properties   Flexural Properties   Hardness                                                     
  ----------- -------------------- --------------------- ------------------- ------------------- -------------------- ---------------
  PCL         11.52 ± 0.65 ^a^     372.34 ± 31.37 ^a^    160.19 ± 2.01 ^a^   18.03 ± 1.15 ^a^    409.58 ± 12.73 ^a^   53 ± 1.64 ^a^
  PCL-GR      7.98 ± 0.77 ^b^      486.47 ± 14.12 ^b^    127.78 ± 3.82 ^b^   15.67 ± 1.7 ^a,b^   231.35 ± 15.59 ^b^   47± 1.69 ^b^
  PCL-GR-BW   9.06 ± 0.17 ^b^      335.32 ± 18.24 ^a^    129.85 ± 2.15 ^b^   17.00 ± 1.34 ^a^    211.20 ± 13.30 ^b^   46 ± 1.63 ^b^
  PCL-BW      5.74 ± 0.8 ^c^       184.24 ± 28.26 ^c^    107.90 ± 6.19 ^c^   8.60 ± 1.06 ^b^     164.56 ± 17.21 ^c^   41 ± 2.39 ^c^

^a--d^ Different letters within the same property show statistically significant differences between formulations (*p* \< 0.05).

polymers-12-00334-t004_Table 4

###### 

Wettability and colour parameters for the CIEL\*a\*b\* space of neat PCL and the formulations with GR and BW.

  Material    Wettability      Colour                                
  ----------- ---------------- ------------------ ------------------ ------------------
  PCL         75.6 ± 1.0 ^a^   76.17 ± 0.40 ^a^   −0.92 ± 0.18 ^a^   −1.25 ± 0.32 ^a^
  PCL-GR      80.0 ± 0.6 ^b^   70.74 ± 1.41 ^b^   −2.16 ± 0.10 ^b^   10.98 ± 1.05 ^b^
  PCL-GR-BW   95.1 ± 1.4 ^c^   75.41 ± 0.69 ^a^   −1.33 ± 0.11 ^c^   15.65 ± 1.38 ^c^
  PCL-BW      97.7 ± 1.1 ^d^   70.73 ± 0.83 ^b^   0.07 ± 0.04 ^d^    20.90 ± 0.81 ^d^

^a--d^ Different letters within the same property show statistically significant differences between formulations (*p* \< 0.05).
